1. Introduction {#sec1}
===============

Plant abundance is thought to be closely related to climatic conditions, species interactions and human disturbance ([@bib15], [@bib22], [@bib7], [@bib9]). Many studies have shown that temperature and rainfall are vital to the survival of species ([@bib9]). Biotic species interactions, like facilitation and competitive exclusion, are also known to have a great effect on plant community structure ([@bib16], [@bib22]), and further influence the abundance of each species. In addition, disturbance, especially human caused, is an increasingly important factor for determining species survival ([@bib7]).

The rapid development of traditional Chinese medicine pharmacies has increased the demand for *Fritillaria cirrhosa* D. Don, a well-known and valuable traditional Chinese herb, augmenting its over-exploitation and leading to its decline in the wild. Based on our market survey, from 2013 to 2016, 1 kg of high-quality *F. cirrhosa* commanded about 3000 yuan (RMB). The high value placed on *F. cirrhosa* bulbs has spurred excessive collecting and exacerbated its scarcity.

Over-exploitation may lead to changes in various traits. For example, over-collection of plants with shallow stems will increase the mean underground bulb depth of the remaining plants. Plants farther from roads are more difficult to collect. Therefore, we hypothesized that collection pressure would weaken with increasing distance from roads, and we predicted that consequently the abundance of over-collected plants like *F. cirrhosa* would increase. Here, we integrate information about *F. cirrhosa* from 78 plots at 14 sites in the Hengduan Mountains area to assess how climatic conditions, biological interactions and human-caused disturbance affect *F. cirrhosa* abundance and other traits. We therefore examined: 1) whether the abundance of *F. cirrhosa* is related to the distance from roads, which is directly linked to human-caused disturbance, 2) whether traits such as diameter/height of the fruit/bulb reflect the same response to human disturbance, and 3) how important climatic factors, interactions with other species, and disturbance are to *F. cirrhosa* abundance. We also tried to speculate on the underlying reasons for abundance patterns of *F. cirrhosa*.

2. Materials and methods {#sec2}
========================

2.1. Study material {#sec2.1}
-------------------

*Fritillaria* is a genus of about 130 species in the Liliaceae distributed throughout the north temperate hemisphere ([@bib27]). In Chinese medical books, the bulbs of *Frittilaria cirrhosa*, *Fritillaria unibracteata*, *Fritillaria przewalskii*, *Fritillaria unibracteata* and *Fritillaria delavayi* are treated under the medical name "Fritillariae Cirrhosae Bulbus" ([@bib5]). Their distribution center is in the Hengduan Mountains area of western Sichuan, southeastern Tibet and northwestern Yunnan ([@bib13]). *Fritillaria* spp. grow in alpine shrub or alpine meadow communities between 3200 and 4600 m ([@bib27]). The average annual temperature in the distribution area, as in Litang County, is only 3.0 °C, whereas the highest temperature recorded is 25.6 °C, and the lowest temperature is −25.8 °C. Average annual precipitation is 784.9 mm ([@bib4]). The dominant flora in the distribution area of *F. cirrhosa* is north temperate ([@bib14]). North temperate genera, such as *Rhododendron*, *Spiraea*, *Sibiraea*, *Saussurea*, *Potentilla*, *Salix*, and *Anaphalis* play a vital role in the communities in which *Fritillaria* occur.

We sampled *F. cirrhosa* in its distribution center using 2 m × 2 m quadrats to determine its status in nature ([Fig. 1](#fig1){ref-type="fig"}). The quadrats were chosen randomly at different distances from the main road (national road, province road, or county road). Because of its rarity in the wild, the number of quadrats at each site was not equal ([Table 1](#tbl1){ref-type="table"}).Fig. 1Study sites of *Fritillaria cirrhosa* (the map is available from <http://srtm.csi.cgiar.org/>). Sites: 1. Dongda Mountain, 2. Yela Mountain, 3. Zongla Mountain, 4. Aila Mountain, 5. Que\'er Mountain I, 6. Que\'er Mountain II, 7. Site between Luhuo County and Maerkang County, 8. Baozuo Xiang, 9. Yakexia Mountain, 10. Zhegu Mountain, 11. Mengbi Mountain, 12. Zheduo Mountain, 13. Jianziwan Mountain, 14. Baima Mountain.Fig. 1Table 1Information about the study sites. Latitude, longitude and elevation (m), shown as the average value for the quadrats of each site.Table 1No.SitesLatitude (°N)Longitude (°E)Elevation (m)Quadrats numberProvince1Dongda Mountain29.7398.0748855Tibet2Yela Mountain30.1597.29452910Tibet3Zongla Mountain31.2997.5840526Tibet4Aila Mountain31.6498.45432910Tibet5Que\'er Mountain I31.9298.9544604Sichuan6Que\'er Mountain II31.9198.9842814Sichuan7Luhuo-Maerkang County31.77100.7540814Sichuan8Baozuo Xiang33.06103.3537688Sichuan9Yakexia Mountain32.23102.5940562Sichuan10Zhegu Mountain31.86102.6840813Sichuan11Mengbi Mountain31.7102.3239705Sichuan12Zheduo Mountain30.05101.8339119Sichuan13Jianziwan Mountain30.01100.8643283Sichuan14Baima Mountain28.389944595Yunnan

2.2. Data sources {#sec2.2}
-----------------

Vascular plant species were recorded in each quadrat of each site. At the same time, the number of plants of *F. cirrhosa*, the latitude and longitude of the site, the elevation of each quadrat, and the coverage of each species were recorded. The climate of each quadrat, based on 19 parameters, was extracted from the WorldClim version 1.4 database ([www.worldclim.org](http://www.worldclim.org){#intref0010}; [@bib8]). The distance from the main road of each quadrat was documented in Google Maps using the coordinates of the sample site. The diameter and height of bulbs and fruits, as well as the underground bulb depth were also measured and recorded for further analysis.

2.3. Analyses {#sec2.3}
-------------

To determine whether proximity to the road affects the abundance of *F. cirrhosa*, the number of plants of *F. cirrhosa* and the underground bulb depth in each quadrat were related to the distance from the main road. The slope difference between sites was determined using the command 'diffslope' in R software (version 3.3.1, <http://www.r-project.org>). The relationships between underground bulb depth and the height/diameter of the bulbs/fruits of each quadrat were analyzed to test if the habitat was degraded throughout the whole distribution area. The relationship between underground bulb depth and height/diameter of the bulbs/fruits at each quadrat was determined and the slope difference among them was tested to examine if the height/diameter of bulbs/fruits showed the same trends under the pressure of heavy collecting.

To assess the correlations between the number of individuals of *F. cirrhosa* and all measured variables, a variation partitioning method ([@bib2]) was applied to distinguish the pure and joint effects of environmental factors, the effects caused by other factors, and human disturbance on the number of individuals of *F*. *cirrhosa* in the distribution center. The variation partitioning and regression analyses were performed in the R software (version 3.3.1, <http://www.r-project.org>).

3. Results {#sec3}
==========

The relationship between *F. cirrhosa* number and distance from the road for the Dongdala, Zongla Mountain, and Yela Mountain sites in Tibet had the largest slopes. Abundance of bulbs at Zongla Mountain, increased significantly with increasing distance from the main road, while showing only a marginally significant increase at other sites ([Fig. 2](#fig2){ref-type="fig"}, [Table 2](#tbl2){ref-type="table"}).Fig. 2Relationship between distance from main road and number of individuals of *Fritillaria cirrhosa* in each quadrat (2 m × 2 m). a: Zongla Mountain, Tibet (open circles), b: Yela Mountain, Tibet (solid triangles), c: Dongda Mountain, Tibet (open triangles), d: Zheduo Mountain, Sichuan (solid circles), e: Aila Mountain, Tibet (open circles), f: Mengbi Mountain, Sichuan (solid triangles), g: Baozuo Xiang, Sichuan (open triangles), h: Baima Mountain, Yunnan (solid circles). The quadrats number less than 4 was not included.Fig. 2Table 2Linear regression statistics between distance from main road and abundance of *Fritillaria* in each quadrat. Characters indicate significance (lower case letters, *P* \< 0.05 and upper case letters, *P* \< 0.01). The quadrats that number less than 4 were not included. In the last column, capital letters mean significant difference with different letters at *P* \< 0.01, small letters mean significant difference with different letters at *P* \< 0.05.Table 2Sitesd.f.*F*SlopeAdjusted *R*^2^*P*-valueDifferenceDongda Mountain1, 36.6760.39870.58660.08151AZongla Mountain1, 422.70.21860.81270.008876BYela Mountain1, 84.1780.11280.2610.0752BCBaozuo Xiang1, 65.1790.09520.37380.06317CBaima Mountain1, 38.3530.07420.64770.06301CDMengbi Mountain1, 37.0280.07270.60110.07693DeAila Mountain1, 83.780.07240.2360.08776eFZheduo Mountain1, 75.410.00580.35540.05293G

The underground bulb depth significantly decreased with increasing distance from the main road; Bulb depth was deeper for plants near the road, while it was shallower farther from the road ([Fig. 3](#fig3){ref-type="fig"}).Fig. 3Relationship between average distance from main road and average underground bulb depth of each site in Hengduan Mountains.Fig. 3

The size (height/diameter) of the bulbs and fruits showed a significant or marginally significant decrease with underground bulb depth ([Fig. 4](#fig4){ref-type="fig"}, [Table 3](#tbl3){ref-type="table"}). The slope between the diameter of the bulb and the underground bulb depth was significantly smaller than the slope between the height of the bulb and the underground bulb depth, while the slope between the diameter of the fruits and the underground bulbs depth was significantly greater than the slope between the height of the fruits and underground bulb depth ([Fig. 4](#fig4){ref-type="fig"}, [Table 3](#tbl3){ref-type="table"}).Fig. 4Relationship between underground bulb depth and height/diameter of the bulbs/fruits in Hengduan Mountains. a, the line of bulb height along underground bulb depth; b, the line of the bulb diameter along underground bulb depth; c, the line of fruit height along underground bulb depth; d, the line of the fruit diameter along underground bulb depth ([Table 3](#tbl3){ref-type="table"}).Fig. 4Table 3Relationships between underground bulb depth and the height/diameter of bulbs/fruits.Table 3Itemsd.f.*F*SlopeAdjusted *R*^2^*P*-valueDifferenceHeight of bulbs1, 739.622−0.02550.10440.002733ADiameter of bulbs1, 213.971−0.09500.1190.05946BHeight of fruits1, 2119.23−0.10670.45310.0002588ADiameter of fruits1, 213.607−0.02820.1060.07135B

Overall, community species, climatic conditions and spatial position can explain 58%, 25% and 31% of the variance in the abundance of *F. cirrhosa*, respectively, for the samples examined in the Hengduan Mountains area ([Fig. 5](#fig5){ref-type="fig"}). Among the dominant species, *Juniperus pingii* and *Caragana jubata* had the most vital influence on the abundance of *F. cirrhosa*. Other shrubs, like *Potentilla fruticosa*, *Lonicera hispida*, *Salix oritrepha*, *Potentilla stenophylla*, *Anaphalis muliensis*, *Spiraea alpina*, *Codonopsis alpina* and *Rhododendron nivale* also showed a significant influence on the abundance of *F. cirrhosa* ([Fig. 5](#fig5){ref-type="fig"}A). Among the 19 climate factors, annual precipitation had the greatest impact on the abundance of *F. cirrhosa*; temperature seasonality and minimum temperature of the coldest month also showed significant impacts on the abundance of *F. cirrhosa* ([Fig. 5](#fig5){ref-type="fig"}B). Elevation and longitude were significantly related to the abundance of *F. cirrhosa* ([Fig. 5](#fig5){ref-type="fig"}C).Fig 5Percentage of variance in *Fritillaria cirrhosa* abundance explained by presence of other species (A), environmental conditions (B), and spatial elements (C).Fig 5

4. Discussion {#sec4}
=============

Our results indicate that climatic conditions, biotic settings and disturbance are important factors in the abundance of *F. cirrhosa*.

4.1. Biotic settings {#sec4.1}
--------------------

In plant communities where *F. cirrhosa* is distributed, we found that the predominant species are always shrubs with dense branches, thorns or slim stems. Our results showed that the ambient species, especially predominant shrubs, had an important effect on the abundance of *F. cirrhosa*, likely indicating that the shrubs protect *F. cirrhosa* from frequent human disturbance.

Seed germination is very high in culture dishes under natural conditions, and they grow well in the Greenhouse at Shangri-La Alpine Botany Garden without the protection of shrubs. Therefore, the predominant shrub species in the wild probable provide a habitat refuge from human disturbance for *F. cirrhosa*. *Juniperus* spp. have spiny-tipped leaves which deter collectors and their strong roots make it difficult to dig the bulbs out. The strong thorns of *Caragana jubata*, as at Yela Mountain, are effective in deterring collectors and livestock. Some species of *Juniperus* and *Rhododendron* form dense communities, as at Dongdala and Zheduo Mountain, preventing feet from stepping on them and protecting the species living among their branches. The slim, hard stems of *Salix* and *Potentilla* are similar to the stems of *Fritillaria*, making *Fritillaria* difficult to be detected. Shrubs may therefore provide refuge for *Fritillaria* and other plants compared to open areas.

4.2. Climatic conditions {#sec4.2}
------------------------

Climatic conditions are important factors in determining the abundance of plant species ([@bib17]). Temperature and precipitation are recognized to be the most important factors in explaining plant distribution in mountains ([@bib6], [@bib11]). A previous study indicated that temperature was a key ecological factor for *F. unibracteata* in the wild ([@bib25]). In this study, we found that among various climate conditions, annual precipitation, temperature seasonality and minimum temperature of the coldest month have the largest effect on the number of individuals of *F. cirrhosa* ([Fig. 5](#fig5){ref-type="fig"}B).

Annual precipitation always has a great impact on the distribution of organisms, and can be used to predict patterns of plant density ([@bib21], [@bib3], [@bib1]). [@bib3] found that woody plant diversity was positively related to annual precipitation during a study of environmental factors affecting plant species density in eastern Nepal. A study conducted on the northern Tibetan Plateau found that species richness responds positively to precipitation at the community level ([@bib23]). Our results also provide evidence that higher levels of annual precipitation result in greater abundance of *F. cirrhosa*. In addition, the seeds of *F. cirrhosa* need an after-ripening period ([@bib18]). During this process, humid conditions are required for proper development of the embryo. Precipitation can therefore be inferred to be a vital factor in the seed after-ripening process.

Our results also showed that seasonal temperatures and the minimum temperature of the coldest month have a great impact on the abundance of *F. cirrhosa*, which conformed with previous studies ([@bib19], [@bib10], [@bib12], [@bib26]). [@bib26] reported climatic variation to be a substantial and important factor for wide-ranging alpine and subalpine plants. [@bib19] reported that extreme climate (represented by the lowest temperature of the coldest month or quarter) determined the distribution of plants. Over a large area and wide range of elevations, seasonality indicates periodic departures from optimal climatic conditions for living organisms. The climatic variation may train the resistance of the plant, and the minimum temperature of the coldest month may be related to the vernalization of alpine plants and reduce diseases and pests in alpine regions. Therefore, climatic variation and the minimum temperature of the coldest month are thought to be important determinants for the distribution of *F. cirrhosa*.

4.3. Disturbance {#sec4.3}
----------------

Human disturbance has an influence on the distribution of organisms, especially resource plants such as medicinal and ornamental plants. As a medicinal plant, the Fritillaria Cirrhosa Bulb is commonly used in traditional Chinese medicine as a cough remedy. According to our market research, the price of high-quality Fritillaria Cirrhosa Bulb is more than 3000 RMB (Yuan) per kilo. Because natural resources are being diminished, the price may possibly increase in the future. In our field work in 2015, seeds were being sold at the price of 1--2 yuan per seed. Because of the higher price, *F. cirrhosa* has been increasingly over-collected in the wild and its habitat has been seriously disturbed.

Elevation, like temperature, represents an environmental gradient. In this study, it can also serve as a proxy for disturbance, because higher sites are visited by fewer people. We found that elevation has a great effect on the abundance of *F. cirrhosa* ([Fig. 5](#fig5){ref-type="fig"}C). This also shows varying human influence along an elevation gradient.

We found that *F. cirrhosa* was less abundant nearer to the road ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}), indicating that sites which are easier to access are under greater collection pressure. This can also be inferred by the underground bulb depth, as bulbs are deeper when they are nearer to the road. Our findings also showed that habit disturbance along the road was different in Tibet than Sichuan and Yunnan ([Table 2](#tbl2){ref-type="table"}). These findings also reflect the fact that there was a significant increase in *F. cirrhosa* abundance at Dongdala, Yela and Zonlga mountain areas, all of which are farther from cities than the other sites and accessed by fewer people.

In these Tibetan areas, the disturbed areas are mainly near the road; places far from the road were disturbed less, so the slope of regression was high. The sites in Sichuan and Yunnan were more disturbed and *F. cirrhosa* was less abundant, even far from the road, so the slope of the regression was low.

Bulb diameter and fruit height showed a significantly different slope with the underground bulb depth compared to bulb height and fruit diameter, respectively ([Fig. 4](#fig4){ref-type="fig"}). The longer the fruits, the easier the plants can be found because of the horizontal view when collectors look for them. The larger the diameter of the bulbs, the easier they can be collected because of the vertical view when collectors dig them. Because certain traits are easier to detect by people, these traits may be preferentially selected in response to heavy collecting.

Other factors, such as soil conditions and plant-animal interactions, can also influence the *F. cirrhosa* abundance. However, human disturbance may have an increasingly important effect on *F. cirrhosa* habitat, and may explain the large variance in *F. cirrhosa* numbers, especially if we assume that elevation and distance from the road are valid proxies for human disturbance.

4.4. Conservation {#sec4.4}
-----------------

Our results indicate that plants of *F. cirrhosa* with bigger fruits and bulbs are easier to collect. Thus, human collection drives reduction in fruit size, which may influence the reproductive fitness of the plants. This is a latent risk in addition to the direct risk posed by collection of bigger bulbs, which leaves only small bulbs in natural habitats.

5. Conclusion {#sec5}
=============

Serious over-collecting, climatic conditions and biotic settings are important factors determining the abundance of *F. cirrhosa*. The most important among the three factors is disturbance by human collecting. The fruits of *F. cirrhosa* become thick and short, while bulbs become thin and tall under human heavy collecting. Biotic factors, such as shrubs with thorns or dense shrub communities, have a positive influence on the survival of *F. cirrhosa*.

This work was supported by Yunnan Environmental Protection Special Fund 2013, Grant No. 214203, the National Natural Science Foundation of China (NSFC) Grant No. 31560063 and Key Disciplines (Ecology) Project of Yunnan Education Department.

Peer review under responsibility of Editorial Office of Plant Diversity.
